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The polarisation anisotropy of the emission from a laser produced aluminium plasma has been
studied using time and polarisation resolved spectroscopy at various background pressures of air. A
Wollaston prism was used to resolve the emission from the plasma into polarisation components
that are parallel and orthogonal to the plasma expansion axis. Spectroscopy reveals that as the
background pressure is increased, strongly polarised continuum emission dominates at early stages
of the plasma formation. The results are compared and contrasted to similar experiments and
discussed in the framework of a recombining plasma. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4973444]

I. INTRODUCTION

The polarisation state of the light emitted from a laser
produced plasma has recently become an area of interest in
the wider laser plasma community. The reason for this is the
observation that the continuum emission from a laser plasma
tends to be more polarised than the line emission' which is
useful for analytical techniques such as Laser Induced
Breakdown Spectroscopy (LIBS). In previous studies, the
degree of polarisation (P) of the light emitted from a laser pro-
duced plasma was measured for various focal positions,"*
laser energies,*> background pressures,>® incident laser polar-
isations,3’4 detection directionsf"6 and pulse durations.™® In
many cases, the use of a polariser in front of the spectrometer
during a LIBS measurement suppressed the continuum and
improved the limit of detection (LOD) by increasing the sig-
nal to background ratio. In one study,’ it was found that no
significant polarisation of either the continuum or line emis-
sions could be observed. This apparent null result compared
with previous studies was resolved by taking the laser fluence
into account.>® In fact, this technique has birthed a subset of
LIBS termed Polarisation-Resolved LIBS (PRLIBS).

The efficacy of this technique and the abundance of
papers on the subject tend to belie the difficulty in under-
standing the creation of the partial polarisation of the emitted
light. In a broader sense, Plasma Polarisation Spectroscopy
(PPS) has existed since the 1920s when partial polarisation
was observed in fluorescence experiments reported by
Fujimoto and Kazantsev.® The nature of the polarised emis-
sion is generally categorised into two classes:

(1) The electrons in the plasma do not follow a single
Maxwell-Boltzmann distribution. This is sometimes
called an anisotropic electron velocity distribution.>’

(2) Self or external, electric, and magnetic fields exist which
break the magnetic sub-level degeneracy.’
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The early experiments on laser plasma polarisation spec-
troscopy date back to the mid-1990s, when the X-Ray spec-
trum of a highly charged aluminium plasma, produced with a
picosecond laser, was found to exhibit a partial polarisation.’
It was found that the resonance and intercombination transi-
tions are polarised differently. The polarisation of the inter-
combination lines was attributed to an anisotropic electron
velocity distribution function arising from spatially aniso-
tropic electron density profiles. Theoretically, the polarisa-
tion of recombination emission has been studied'® and
offered as an explanation for the polarisation of the emission.
More recent experiments have observed the polarisation of
lowly charged ions in aluminium'" in a low density and low-
temperature plasma, leading to the formation of ions in
excited states which subsequently decay by spontaneous
emission which is partially polarised due to an asymmetry in
the magnetic sublevel populations in such excited states. The
time-resolved polarisation of gas confined laser plasmas was
studied, and a strong anisotropy was observed'? particularly
for the case of short pulse irradiation (typically, during pico-
second ablation). It was found in this study that the anisot-
ropy of the emission from a particular Al III line (569.6 nm
wavelength) is stronger when the pulse duration is shorter.'?
In fact, this is correlated to the electron-ion thermalisation
time, and it was found that when the pulse duration is of the
order of this time scale, the anisotropy is stronger.

In this work, we present a systematic study of the time-
and polarised-resolved emissions from an aluminium laser
plasma in different background environments. Emission
spectra are measured simultaneously for plasma components,
parallel and perpendicular to the quantization axis of the
experiment (normal to the target). We measure the polarisa-
tion of different charge states of the aluminium plasma and
correlate the degree of polarisation to the various radiation
losses in the plasma. The results are discussed in the frame-
work of class 1 and class 2 polarisation, as discussed earlier,
and the efficacy of this technique for LIBS.

Published by AIP Publishing.
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Il. EXPERIMENTAL
A. Experimental setup

Figure 1 shows the experimental setup used in this
work. A Q-Switched Nd:YAG laser was focused onto an alu-
minium target to create a laser produced plasma. The laser
used (Spectron SL800) had a 14 ns pulse duration and was
operated at its fundamental wavelength of 1064 nm. The flu-
ence of the laser was varied using a combination of a half-
wave plate and a polariser. For this experiment, the laser was
focused normal to the target using a planoconvex lens
(f=250mm) onto a Al slab (purity 99.99%) target to give a
maximum fluence of 550 J/cm?. The target was housed in a
square vacuum sealed chamber which was evacuated at a
pressure of 1 x 107> mbar and mounted onto a micrometre
controlled x-y-z translation stage which could be manipu-
lated from outside the vacuum chamber. This ensured that a
fresh target spot could be revealed after each laser shot. The
plasma light emission was imaged normal to the laser propa-
gation axis with a magnification of 0.5 using a two lens
imaging system. A Wollaston prism was placed in the path
of the imaging system to resolve the plasma image into two
orthogonally polarised states. Thus, two images were formed
in the image plane of the lens system. The optic axis of the
Wollaston prism was aligned such that the plasma light was
resolved into polarisation components parallel and perpen-
dicular to the laser propagation direction. The plasma light
was imaged onto the entrance slit of a Czerny-Turner spec-
trometer with a 1200 g/mm grating and a focal length of
0.5m giving an ultimate mean resolution of 0.17 nm. At the
exit of the spectrometer, the light was detected by a gated,
intensified CCD camera (Andor i-Star) whose ultimate time
resolution was ~10ns.

B. Methodology

Despite its usefulness, polarisation spectroscopy is
somewhat obfuscated by many variable parameters. Thus, a
clear methodology is required to interpret results correctly.
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FIG. 1. Experimental setup (not to scale) showing the geometry of the
experiment. A laser plasma is formed on a flat target. The plasma is imaged

through a Wollaston Prism. Two plasma images are created on the entrance
slit of an ICCD Camera. Inset is a typical image obtained by the experiment.
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First, the accurate and precise values for the degree of polar-
isation can only be obtained if there exists no random inten-
sity fluctuations between the polarisation components. A
laser produced plasma will fluctuate naturally in intensity by
~10%. Thus, making separate measurements of the different
polarisation states limit the precision on the measurement.
To account for this, the Wollaston prism method is used
such that both polarisation states are measured in a single
shot, eliminating the possibility of random or shot-to-shot
fluctuation. To measure the precision and accuracy of our
system, repeated measurements were made with an unpolar-
ised light source. The standard deviation of the degree of
polarisation was determined to be =0.01%. Secondly, any
measurement of polarisation must be done with respect to
some reference axis, often called the axis of quantization. In
our experiment, we use the following terminology: The
plasma light was resolved into “Horizontal” and “Vertical”
components. “Horizontal” refers to the direction normal to
the target. “Vertical” refers to the direction parallel to the
entrance slit of the spectrometer. It was determined that
the efficiency of the ICCD camera and imaging system had
no polarisation dependence in the wavelength ranges of
interest to this study. However, the spectrometer was far
more efficient for light polarised in the “Vertical” direction
because this is also along the direction of the grating rul-
ings. Normally, this is counteracted by normalising to some
depolarised emission line (for example, the transition
45281, — 3p*Py ), is unpolarised from a quantum mechani-
cal point of view).5 However, line emission from a laser
plasma tends to sit on top of continuum emission at the
same wavelength. While the line emission from this transi-
tion is unpolarised, the continuum may in fact contain a
partial polarisation. Thus, it is not always clear if the mea-
surement can be normalised at this point. To account for
the difference in efficiency for the different polarisations,
emission from a xenon spectral lamp was polarised to 45°.
This ensured that the intensity of the polarisation compo-
nents at the entrance slit was equal. The measured differ-
ence through the spectrometer optical system was then used
to calibrate further measurements.

The degree of polarisation at a particular wavelength
(P;) is the key parameter to measure the anisotropy emission
from laser produced plasma. It is determined by the variance
on the polarisation states. Mathematically, it is given by

Iy -y

Py=——,
Iy + 1y

(D
where Iy are the intensities of the “Horizontal” and
“Vertical” components respectively at a wavelength of /.
The experiment was performed as follows. To benchmark
the system, the time resolved value of P; was measured with
the PPS technique for the A/** spectrum centred at 569 nm.
This was performed with a laser fluence of 550J/cm? and a
background pressure of 1 x 107> mbar to compare with simi-
lar experimental results.” Air was then leaked into the cham-
ber such that the base pressure rose to 1 x 1072 mbar and the
measurements were repeated. The experiment was then per-
formed for the optical spectrum of Al (centred at 395 nm) at
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FIG. 2. Polarisation resolved spectra of AP2* for different stages of plasma evolution at a background pressure of 1 x 1072 mbar. The laser fluence was 550

J/em? with an ICCD camera gate width of 10 ns.
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FIG. 3. Polarisation resolved spectra of A>* for different stages of plasma evolution at a background pressure of 1 x 107> mbar. The laser fluence was 550

J/em? with an ICCD camera gate width of 10 ns.

base pressures of 1 x 107>mbar and 1 x 10° mbar at the
same laser fluence. This gave a wide parameter space under
which to compare and contrast the anisotropy of the laser
plasma.

lll. RESULTS AND DISCUSSION
A. Spectroscopy results

Figures 2 and 3 show polarisation resolved spectra at dif-
ferent stages of the plasma evolution for two different back-
ground pressures (1 x 10 2mbar and 1 x 107> mbar
respectively). In Figure 2, the spectrum is dominated by con-
tinuum emission. The later spectra are dominated by line
emission. Figure 3 shows that as the pressure is lowered, the
continuum emission dies away more quickly and the line
structure of the spectrum appears sooner. As time progresses,
for both background pressures, the plasma seems partially
polarised mainly in the outer wings of the spectrum where the
continuum emission is brightest. The degree of polarisation at
569 nm oscillates about zero as time proceeds. This is evi-
denced in Figure 4 where the degree of polarisation (P,) was
calculated using Equation (1) and plotted for both background
pressures.

The degree of polarisation of the A/>* spectrum has been
measured before in different contexts.”'' The results in this
study are in good agreement with these other reports. Previous
reports have shown that P, will be transient in nature and gen-
erally very small for the case of a plasma expanding into vac-
uum, which is in agreement with Figure 3. In previous
reports,” the degree of polarisation (of the A/*™ line at 569 nm)
was increased with the background pressure and then become

vanishingly small as the pressure was increased further. Figure 4
shows that as the background pressure is increased from 1 x
107 mbar to 1 x 10”2 mbar, the degree of polarisation is, in
general, higher. However, in this study, it was found that if
the background pressure was increased to atmospheric pres-
sure, the visible emission was dominated by singly charged
ions and neutral emission. The polarisation resolved spec-
trum of Al° is shown at different stages of the plasma evolu-
tion at a background pressure of 1 x 1072 mbar as shown in
Figure 5. The general trend is roughly in line with the spec-
trum of A/”". No neutral emission was observed at
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FIG. 4. Degree of polarisation calculated from the time resolved spectra in
Figures 3 and 2. The wavelength of the spectrometer here was 569 nm.
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FIG. 5. Polarisation resolved spectra of A/° for different stages of plasma evolution at a background pressure of 1 x 1072 mbar. The laser fluence was 550

J/em? with an ICCD camera gate width of 10 ns.

1 x 107> mbar. The polarisation resolved spectrum of Al” is
shown, in Figure 6, to be highly anisotropic and dominated
by continuum emission during its evolution.

B. Discussion

The data presented would seem to indicate the following.
First, as the background pressure is decreased, the spectrum
becomes dominated by ionic emission over neutral emission,
as is expected. Secondly, a higher background pressure is cor-
related with a longer lasting continuum spectrum. Thirdly, the
line emission seems to be weakly polarised whereas the con-
tinuum emission seems to be more strongly polarised. This is
seen not only in Figure 6 but also in Figure 3 where there is
minimal polarisation in the spectrum, and it is mainly in the
wings where the continuum emission is present. In the past,
various mechanisms have been proposed to explain the aniso-
tropic emission in laser plasmas including self generated mag-
netic fields, radiation trapping, and anisotropic electron
distribution functions. It seems most appropriate here to
describe the anisotropy as arising from radiative recombina-
tion in the laser plasma. For the same laser intensity, the initial
and average temperatures of a plasma formed in vacuum and
at atmospheric pressure should be similar."® Thus, for a
plasma in LTE, one would expect a similar charge state distri-
bution present within the plumes. However, our observations
indicate that the vacuum spectrum is dominated by highly
charged A/** ions and the atmospheric spectrum is dominated
by the A® emission. The long sustained continuum emission
in the atmospheric case must then be due to forced recombina-
tion in the laser plasma which means the plasma is not in
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equilibrium because its radiative temperature is not equal to
its kinetic temperature. This arises from the confinement of
the plume in the background gas which causes free electrons
to recombine with ions resulting in a lower average charge
state. Another possibility lies in the fact that as the electrons
in the atmospheric case try to expand away from the target,
the plasma is stopped by the background gas. One would
expect a planar expansion under atmospheric conditions and
so the direction of deceleration of the electrons will be in the
direction of expansion, i.e., along the target normal. In this
case, the continuum emission would arise from this decelera-
tion. If the deceleration of the electrons has a preferred direc-
tion, as we expect, then the emission should be polarised. This
is one plausible explanation for the strong anisotropy in the
atmospheric case. In the vacuum case, there is no background
gas to confine the plume and so it expands and rapidly cools.
The rates of free-free (P, free-bound (Pg,), and bound-bound
(Ppp) emission are all temperature dependent in a laser
plasma. They can be approximated as follows:"*

Py = 1.5 x 1020, T g n,(Wm ™)

E

P, = Pff?[(Wm%) 2
Er

2 X 107€_T_<’ (Wm73)

Py, =P
bb f Tog?

This explains the higher levels of continuum radiation in the
plasma formed in atmosphere. In vacuum (taken here to mean
1 x 107> mbar), the plasma expands which lowers its density
(n,) thus lowering the value of Py and Pp. Eventually the
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FIG. 6. Polarisation resolved spectra of Al° for different stages of plasma evolution at a background pressure of 1 x 10°mbar. The laser fluence was 550 J /cm?

with an ICCD camera gate width of 10 ns.



013105-5 Woubetu et al.

radiative losses lower the electron temperature (7,) to a value
close to the resonance energy for a particular transition in an
atom or ion in the plasma, increasing the value of P,,. This
explains the dominance of ionic line emission under vacuum.
For a plasma formed in air, the confinement causes a higher n,
value which increases the rate of P and hence Pg,. Thus, it
can be concluded that, for any given time, the continuum radi-
ation power should scale with the background pressure. It is
now perhaps useful to consider whether the rate of Py is higher
or lower than the rate of Pp,. Equation (2) shows that if the
electron temperature 7, is lower than the ionization energy of
the bound state to which the electron is captured (£;), then the
radiative recombination will be preferred. Under these experi-
mental conditions, temperature analysis is not possible by opti-
cal spectroscopy, however, it can be inferred that just after
ablation, radiative recombination is the main energy dissipa-
tion channel in the plasma. Detailed frequency and time
resolved measurements of plasmas under similar experimental
conditions to this work have shown that the preferential energy
dissipation method just after laser heating will be radiative
recombination which populates the lower charged ions and
neutral atoms. "> Thus, to explain the results here, the model of
anisotropic emission from radiative recombination can be
used. Previous theoretical analysis has shown that the degree
of polarisation of the recombination emission is inversely pro-
portional to the electron temperature in the plasma.''” This
explains why the degree of polarisation is generally higher in
the atmospheric case. The high density leads to a higher level
of continuum radiation from free-free and radiative recombina-
tion processes. The adiabatic and radiative losses lower the
plasma temperature and increase the value of the anisotropy.
Similarly, the plasma confinement due to the background gas
sustains the electron density, the continuum radiation, and
therefore the polarisation.

It is perhaps wise to make some mention as to the sign of
the polarisation in both Figures 4 and 7. In general, the polar-
isation is generally positive in Figure 4 and negative in Figure
7. One possible explanation for this is to consider the total
polarisation of the emission at a specific wavelength as being
the combination of anisotropy from two sources: (a) the
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FIG. 7. Degree of polarisation calculated from the time resolved spectra in
Figures 5 and 6. The wavelength of the spectrometer here was 395 nm.
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bound-bound emission and (b) the free-free or free-bound
emission. The direction of the free-free or free-bound polar-
isation is along the expansion axis of the plasma, which, in
our experimental scheme, is a negative polarisation direction.
The second source of polarisation comes from the bound-
bound emission. The polarisation of this emission arises from
the angular momentum conservation in transitions between
magnetic sub levels which have a statistical imbalance in their
populations. The direction of this polarisation should be per-
pendicular to the quantisation axis of the experiment, which
in our scheme is along the expansion axis. This results in a
positive polarisation. Hence the overall direction of polarisa-
tion at a particular wavelength/time/pressure is dependent on
whether the continuum of line emission dominates.

There is empirical evidence from our data to support
this as a valid hypothesis. Perhaps it is most readily seen by
looking at Figure 3, middle panel (t =70 ns). Focussing on
a wavelength of 569 nm, it is clear the polarisation is in the
positive direction (Horizontal > Vertical). However, look-
ing at something like 565 nm, the polarisation is negative
(Vertical > Horizontal). We believe this is due to the fact
that under the conditions that the spectrum was taken, the
line emission dominates the emission at the 569 nm wave-
length under consideration here. In cases where the contin-
uum emission dominates, the polarisation should be
negative.

Regarding the efficacy of this technique for LIBS, the
data here would seem to indicate that the PRLIBS technique
is effective at suppressing the background continuum when
radiative recombination is the dominant radiation loss pro-
cess. This appears to be true for the atmospheric but not for
the vacuum case. The power of the recombination process
depends on the experimental parameters such as plasma tem-
perature and density and background pressure. Similarly, the
continuum radiation appears to be sustained for a longer
time in the atmospheric case. This is due to confinement of
the plume by the background gas. Again, the duration of this
sustained radiation and hence the duration of the times dur-
ing which there is large anisotropy will be dependant on
experimental parameters. PRLIBS is often touted as an
advantageous alternative to gated-LIBS due to the fact that
the parameters of gated-LIBS are tied to the experimental
conditions.* It would appear from this study that PRLIBS
also depends on the experimental conditions and therefore
care must be taken when using this technique effectively.
Similarly, our data indicate that the origin of the polarisation
can be explained without the need to consider the target
experimental geometry. It is most likely the case, then, that
the totality of the polarised emission results from a combina-
tion of sources such as: polarisation of line emission,'’
experimental configuration (such as Fresnel reflection result-
ing from oblique laser incidence on the surface)'® and
recombination emission and is unlikely to be explained by
any single mechanism.

IV. CONCLUSIONS

In this study, the time and polarisation resolved spectros-
copy of an aluminium laser produced plasma was performed.
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The results indicate that the plasma has a high degree of polar-
isation at early times during its evolution and that this scales
with the background pressure. From rate equations for various
radiation losses in the plume, it is inferred that the continuum
radiation should dominate at high background pressures.
Similarly, conclusions from a theoretical model for anisotropy
in radiative recombination emission seems to describe the
trends found in this data. Thus, we present a strong evidence
that the anisotropy in the plasma plume is driven by radiative
recombination during the early phase of the plume, when the
plasma is out of LTE.
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